The tensile force existing in the pericarp of a growing citrus (Citrus sinensis) fruit 17 to 19 centimeters iIn circumference was sufficiently high to cause a 3% shrinkage of the pericarp when it was excised. When a fruit was cut along the equator to the central axis, shrinkage of the pericarp resulted in the formation of a wedge-shaped gap at the cut. Stretch modulus of the pericarp was determined by measuring the force required to stretch excised strips of tissue to 1% longer than their excised length. for the formation of the gap. A smaller gap formed during water stress may result because of less pericarp shrinkage. Based on data reported here showing that the pericarp does shrink by differing amounts when it is cut, two hypotheses may be formulated describing what affects the magnitude of the tension in the pericarp in the intact fruit. One hypothesis is that changes in volume and hydrostatic (turgor) pressure within the vesicles cause stretching or shrinking of the surrounding sphere of pericarp much as a cell wall is changed in dimension by volume and turgor pressure changes in the protoplasm. This hypothesis does not appear to be valid because measurable changes in the volume of water (and therefore in osmotic potential) in the vesicles would have to occur in a relatively short period of time. As discussed later, however, it has been shown that osmotic potential remains constant during a single day (4, 5) even though the width of a gap formed after cutting may vary considerably in the same time period (3).
tissues from the pericarp support the hypothesis that changes in the tension existing in the pericarp depend upon conditions in the pericarp and are not related to changes in volume or pressure in the juice vesicles.
for the formation of the gap. A smaller gap formed during water stress may result because of less pericarp shrinkage. Based on data reported here showing that the pericarp does shrink by differing amounts when it is cut, two hypotheses may be formulated describing what affects the magnitude of the tension in the pericarp in the intact fruit. One hypothesis is that changes in volume and hydrostatic (turgor) pressure within the vesicles cause stretching or shrinking of the surrounding sphere of pericarp much as a cell wall is changed in dimension by volume and turgor pressure changes in the protoplasm. This hypothesis does not appear to be valid because measurable changes in the volume of water (and therefore in osmotic potential) in the vesicles would have to occur in a relatively short period of time. As discussed later, however, it has been shown that osmotic potential remains constant during a single day (4, 5) even though the width of a gap formed after cutting may vary considerably in the same time period (3) .
Another hypothesis concerning the tension in the pericarp of an intact fruit is that the magnitude of the tensile force can change by altering certain conditions within the pericarp. While the turgor pressure and volume of the vesicles contained by the pericarp are large enough to cause the pericarp to be stretched, the fluctuations in tensile forces in the pericarp would not be caused by changes in the volume of the vesicles but rather by changes in mechanical properties of the pericarp itself. This hypothesis can be tested by excising the pericarp and measuring its extensibility under several experimental conditions. A citrus fruit is useful as a model system for studying physical and physiological factors of growth under a variety of natural and experimental conditions. It was shown recently (4) that water and osmotic potentials in the pericarp (peel) of a growing navel orange fruit changed diurnally because of transpiration and that girdling of the stem to prevent carbohydrate movement into the fruit increased the osmotic potential of the pericarp. Neither a diurnal change in transpiration nor girdling of the stem affected osmotic potential in the vesicles, presumably because the vesicles are anatomically isolated from the transpiration stream in the fruit and are at the end of the carbohydrate translocation pathway. Other observations have shown that when a growing citrus fruit is cut along its equator to the central axis, a wedge-shaped gap forms along the cut (3) . The width of this gap is closely correlated with the degree of water stress within the plant, decreasing as water stress increases. This paper examines the dimensional changes and forces involved in the formation of a gap in a fruit after cutting. These factors may be important for understanding how adjoining tissues grow in citrus fruits and in other organs. The fact that a gap forms suggests that the pericarp is under tension in the intact fruit and that shrinkage of the pericarp after it is cut is responsible I Work supported by National Science Foundation Grant GB-7621.
MATERIALS AND METHODS
Experiments were performed on growing fruits during the autumn of 1968 and 1969 at the University of California Agricultural Experiment Station, Riverside, California. Fruits were selected from two varieties of mature orchard trees, Citrus sinensis var. Washington navel and C. sinensis var. Valencia. Most fruits were collected 1 to 2 m above the ground on the north side of trees, although there seeemed to be no difference when fruits were collected from the south side. The reader is referred to papers by Bain (1), Kaufmann (4) , and Schneider (6) for descriptions of the anatomy of citrus fruits.
Circumference Change during Slice Gap Formation. To determine the dimensional parameters of pericarp stretching, measurements were made of the changes in the longitudinal circumference of the pericarp when fruits were cut to the central axis at the equator. Pericarp circumference and width of the gap were measured to 0.01 cm. The circumference measurement after cutting included the distance around the fruit beginning at one face of the gap and ending at the other, excluding the width of the gap. Circumference and gap width measurements were made 20 or 30 sec after cutting. Almost all changes in dimension occurred within 10 sec. Measurements were made under laboratory conditions on both Valencia and navel oranges 17 to 19 cm in circumference (5.5-6.2 cm in diameter). Fruits were selected over a range of water stress (to water potentials as low as -15 bars) to provide measurements of different gap widths, although stress was not measured.
Pericarp Tensile Force in an Intact Fruit. A device was constructed for measurement of the tensile force exerted by the pericarp in intact Valencia orange fruits 18 to 19 cm in circumference. Measurements of the shrinkage of the pericarp caused by excision and of the force required to stretch the tissue back to its original length were made in the following manner. Parallel cuts 5 mm apart were made along the fruit equator through the endocarp. A positioning point attached to a hand-held 50 x microscope was placed in a pinhole on the surface of the exocarp midway between the cuts, and the distance from this point to a mark approximately 2 cm away around the equator was measured with a micrometer in the microscope. The pericarp strip was then carefully cut from the fruit without bending and placed on a surface having the same curvature, and the decrease in length caused by shrinkage was observed. While still on the curved surface with one end clamped in place, the strip of pericarp was stretched with another clamp attached by wire to a balance, and the force required to stretch the strip to its original length was measured. Thickness of the pericarp was also determined for calculation of cross-sectional area of the strip. Measurements were made over a normal range of water stress (to -15 bars) to provide data over a wide range of circumference change.
Temperature and Water Potential Effects on Stretch Modulus. For more refined measurements of tissue strength, individual layers of pericarp tissue were excised for study. After parallel cuts 5 mm apart were made around the fruit equator, the fruit was rotated against a razor blade held in a clamp adjusted so that layers of tissue 1 mm thick were removed. Each rotation of the fruit provided a 1-X 5-mm strip one circumference long. Three or four layers of tissue could be collected from each fruit depending upon the stage of development. The first (outer) layer consisted of exocarp tissue containing chlorophyllous parenchyma cells and most of the oil glands. The rest of the layers consisted of mesocarp tissue with lobed, white parenchyma cells and a vascular network. The second layer (outer mesocarp) also contained some oil glands.
The simplest and most reproducible measurement of the extensibility of tissue and the effects of experimental treatments was an evaluation of the tensile force required to stretch the excised strips to 1% longer than their excised (relaxed) length.
Strips of tissue 2.5 to 3.0 cm long were placed between two clamps 2.00 cm apart. Increased at a constant rate of 140 g/min, the force required to extend the length between clamps to 2.02 cm (measured with a dial indicator) was determined. When tissue was stretched to the break point, rupture of the strip occurred anywhere along the strip, indicating that the tissue was not weakened by the clamps. Measurements with uniformly elastic or inelastic materials provided assurance that response of the measuring system was linear (force versus distance) and without slack.
Variability among fruits created serious difficulty in the ability to recognize small treatment effects. Experiments could be designed, however, so that all the treatments were imposed on subsections from each layer of tissue. In statistical analyses, each fruit was treated as a block so that fruit-to-fruit variability was removed and experimental effects could be tested among the subsections taken from each fruit. Replication occurred by using any selected number of fruits as blocks. For this statistical approach to be valid, assurance was needed that all subsections taken from one layer had the same extensibility prior to treatment. To test this, comparisons were made of the percentage stretch in response to applied force on subsections of the first layer taken from each quadrant of the fruit.
Data from these experiments are most useful if analyzed in terms of stress-strain relationships and the stretch modulus. Stretch modulus (E) is the ratio of stress to strain, where stress is expressed as force (F) per unit area (A) and strain is the proportional change in length (L):
In experiments on the effects of temperature and water potential on the stretch modulus, measurements were made of the force required to stretch strips of tissue having a cross-sectional area of 5 mm2 to 1% longer than their excised length. Stretch 
RESULTS
Width of a gap and reduction in pericarp circumference associated with cutting the fruit along its equator are shown in Figure   10 Figure 2 . These data indicate that tensile forces as great as 30 g.Mm-2 may exist in an intact fruit. Although the data are scattered, a linear relationship appears to exist between force and change in length over the range examined, with a stretch modulus of 0.803 kg.mn-2.
Results from a test for similarity among subsections taken from different quadrants of the outer layer of the fruit pericarp are shown in Figure 3 . No differences among quadrants were observed when the subsections were stretched to over 7%, which is twice the stretch experienced by tissue in the intact fruit (Fig. 2) . With continued increase in tensile force the tissue ruptured. The mean force at rupture ranged from 232 to 254 g. These data provided assurance that in subsequent experiments each layer could be subdivided into enough sections for each of the treatments. The stretch modulus of layers of pericarp tissue was affected by environmental treatment conditions. An increase in temperature from 10 to 35 C decreased the stretch modulus of the first layer (exocarp) by 34% (Fig. 4) . Temperature had less effect for the second and third layers (mesocarp). Similarly, a decrease in water potential from -0.2 to -14.8 bars decreased the stretch modulus of the outer layer 30%, compared with 18 to 20% for the other layers (Fig. 5) . Water potentials of -0.2 to -9.6 bars had little effect on the stretch modulus of the second, third, and fourth layers. In both experiments the stretch moduli of the mesocarp layers were only 60 to 70% as great as for the exocarp layer. The data at 22.5 C given in Figure 4 agree closely with data in Figure 5 at -0.2 bar. The treatment conditions for these measurements were identical although the experiments were performed on different fruits at different times.
DISCUSSION
These experiments permit an interpretation of mechanical stresses and strains which exist within an orange fruit. Data shown in Figures 1 and 2 clearly demonstrate that a tensile force (stress) exists in the pericarp tissue and that this force results in shrinkage (relaxation of the strain) when the pericarp is cut. The shrinkage observed in the experiments on whole pericarp is not constant. Although excised strips shrank as much as 3.5% (Fig. 2) , the circumference of the total pericarp was reduced by only 2.8% (Fig. 1) , suggesting that tensile forces are not completely relieved when the pericarp surrounding the fruit is cut. Excised strips, however, have no restrictions from other parts of the fruit and can shrink until the tensile force falls to zero.
An analysis of the forces existing in the pericarp requires a consideration of the volume of vesicles enclosed by the pericarp. All available evidence suggests that the volume of the vesicles does not change significantly over a period of hours even though tensile forces in the pericarp change in the same period. Although direct measurements of the volume of the vesicles cannot yet be made, osmotic potential measurements can be used to indicate whether or not the vesicle volume changes. A decrease in volume by loss of water would be accompanied by a decrease in osmotic potential as the cell sap becomes more concentrated. A diurnal change in osmotic potential was not observed in the vesicles although a fluctuation of nearly 2 bars was observed in the mesocarp (7).
The possibility exists that, rather than water, a solution having an osmotic potential equal to that in the vesicles is transported into and out of the vesicles. Movement of such a solution would not be detected by measurements of osmotic potential. It is unlikely, however, that water and solutes would move in phase with each other, for two reasons. First, newly produced carbohydrate from leaves probably reaches the fruit and begins diffusing into the vesicles during the daytime when, if vesicle volume were changing, water would be diffusing out toward the pericarp. Secondly, analyses of the constituents of vesicles and the pericarp indicate a high degree of compartmentation, with essentially all organic acids confined to the vesicles and sugars to the pericarp (7) . No evidence suggests that either group of osmotically important compounds migrates diurnally between vesicles and pericarp. The effectiveness of this compartmentation in stabilizing the osmotic potential of the vesicles was shown in a girdling experiment (4) . Five days after girdling the stem above the fruit, the vesicle osmotic potential was unchanged although the osmotic potential in the pericarp increased. Furthermore, Rokach (5) showed that as water was removed from fruits on detached branches, the refractive index of the vesicle cell sap remained constant, while the water content in the pericarp decreased.
These considerations and evidence presented in Figures 4 and 5 support the hypothesis that the stretch modulus of the pericarp changes in response to conditions in the pericarp rather than to conditions in the vesicles. Stated another way, if the layers of pericarp tissue in the intact fruit remained stretched 1% (i.e., constant vesicle volume) a change of temperature or water potential would change the mechanical stress (tensile force per unit area).
The stretch modulus for samples used in Figures 4 and 5 ranged from 0.88 to 2.16 kg.mm2. The outer layer required more force per area for a strain of 0.01 and therefore had a higher stretch modulus than the inner layers. By comparison, stretch modulus for the entire pericarp (Fig. 2) was 0.80 kg.mm-2. The disagreement between whole pericarp samples and individual layers may result from differences among samples (fruits were collected in different years) and in instrumentation. The disagreement is not substantial, however. The variability among data in Figure 2 probably results from samples having unequal proportions of exocarp and mesocarp tissues; the amount of each kind of tissue would affect the strength of the entire strip. The differences in stretch modulus among the layers of tissue shown in Figures 4 and 5 are explained by the difference in tissue structure. The outer, exocarp layer consists of compactly arranged parenchyma cells overlaid with an epidermis coated with cuticle. In contrast, the inner, mesocarp layers are composed of white, lobed parenchyma cells arranged in a loose network containing a large volume of air (6) . The existence of large amounts of pectic substances in the cell walls (1) may account for the effect of temperature on stretch modulus. Since the viscosity of pectic materials increases as temperature decreases, the tendency for creep or slippage between cells during tension may decline as the temperature is lowered, resulting in an increased stretch modulus.
The effects of water potential on stretch modulus of the different layers may be explained on the basis of turgor pressure. At high water potentials, high turgor pressure makes individual cells more rigid and less subject to deformation by tensile forces. Osmotic potentials were measured with a vapor pressure osmometer (4) on sap expressed from the outer layers after the measurements given in Figure 5 , and turgor pressure was calculated as the difference between the treatment water potential and measured osmotic potential. Little difference in the osmotic potential exists among various layers of pericarp tissue (4) . An analysis of covariance showed that turgor pressure significantly affected the stretch modulus of the tissue (P = 0.01 for the first and second layers, P = 0.05 for the third and fourth layers). Similar effects of turgor pressure were found by Burstrom, Uhrstrom, and Wurscher (2) . Although water potential had a significant effect on the stretch modulus of samples used in Figure 5 , the modulus appeared to be relatively constant (a linear stress: strain relationship) over a range of water stress in the entire pericarp (Fig. 2) . The lack of an apparent effect of water stress on the stretch modulus of the entire pericarp may result from heterogeneity of the tissue in the samples.
